Four novel Ru (II) bipyridyl complexes MH12-15 were synthesized and characterized for dyesensitized solar cells (DSSCs). Their photovoltaic performance including incident photon-tocurrent conversion efficiency (IPCE), total solar-to-power conversion efficiency (η%) and ground and excited states oxidation potentials and photoelectrochemical properties were 
ground and excited states oxidation potentials and photoelectrochemical properties were evaluated on mesoporous nanocrystalline TiO 2 and compared with the benchmark N719-Dye under the same experimental condition. MH12-15 showed stronger MLCT with significantly higher molar extinction coefficient at the lower energy absorption of 553nm (27,500 M -1 cm -1 ), 554nm (34,605 M -1 cm -1 ) and 577nm (23,300 M -1 cm -1 ), and 582nm (39,000 M -1 cm -1 ) than that of N719 (14,200 M -1 cm -1 ). Introduction of cyclometallated ligand in dyes MH14-15 improved the optical properties and red-shift of 24nm and 28nm, respectively, compared to the noncyclometallated analogs MH12-13. The red shift in UV-Vis spectra of MH14-15 can be attributed to the destabilization of the HOMO t 2 g of Ru (II). However, the destabilization of the HOMO furnished upward shift of the ground state oxidation potentials (GSOP) of MH14-15 at -5.44 eV and -5.36 eV against vacuum, respectively, which resulted in a driving force of only 0.22 and 0.16eV for dyes MH14-15 regeneration, respectively. In the case of NCS analogs, MH12-13, the GSOPs, however, were -5.56 and -5.51 eV, respectively, which produced driving force of more than 0.25eV for dye regeneration. Nanosecond transient absorbance measurements showed that the time needed for the oxidized forms of MH12-MH15 to
Introduction
The use of photovoltaic devices has increased in popularity as an alternative method to generate electricity from the sunlight. These devices function by converting solar photons into useful electrons through photoelectrochemical process and ultimately produce photocurrent. Currently, the majority of photovoltaic cells are based on silicon because of their suitable physical and chemical properties. However, the main issue with these cells is the expensive processing cost to produce the pure silicon needed for optimum solar cell efficiency. Due to the high cost of production, silicon cells are limited in its ability to compete with fossil fuels and the emerging new PV technologies. Dye-sensitized solar cells (DSSCs) are considered as a potential alternative to traditional silicon solar cells because of their cost-effective solar-to-power conversion efficiency. [1] [2] So far the best performances in terms of solar-to-power conversion efficiency are shown by Ru (II) polypyridyl sensitizers [3] [4] attributed to their strong metal-toligand charge transfer (MLCT) properties [5] [6] [7] [8] [9] [10] , rich fluorescence behavior, stable ground and excited states potentials, and long excited state life time [11] [12] [13] [14] . However, most of the Ru (II) polypyridyl complexes show MLCT absorption in a narrow range of the solar spectrum, typically 400 nm and 600 nm. In addition, the benchmark Ru (II) polypyridyl complex, known as N719, contains labile thiocynonato (-NCS) ligand which is unstable towards light, and it decomposes over time, which leads to a considerable loss in the device efficiency. 15 Preferably, a sensitizer must be stable towards light and temperature 16 at least for 20 years without significant loss of performance corresponding to a 50-100 millions turnover of electron transfer reactions. 17 Many attempts have been reported to replace these fragile ligands in order to increase the stability of DSSCs. Most recently, Barigelletti and co-workers reported several Ru (II) cyclometallated complexes that offers opportunity to circumvent the labile thiocynonato (-NCS) ligand and showed promising stability for dye-sensitized solar cells. [18] [19] A common approach for replacing -NCS group is using cyclometallating ligands that increases the stability of solar device, which also allows for fine tuning of the ground and excited state oxidation potentials, which may translates into higher conversion efficiency and better performance stability of DSSCs. This strategy was first demonstrated by Koten and co-workers by developing a tridentate cyclometallated complexes, and they were able to achieve maximum incident photon-to-current conversion efficiency (IPCE) of 70% around 550 nm. 20 Later, in 2009, Gräetzel and co-workers used similar approach and developed a novel Ru (II) cyclometallated complex that exhibited a remarkable overall conversion efficiency of 10.1% and IPCE efficiency of 83%. To date several cyclometallated complexes are reported in the literature that exhibits more than overall conversion efficiency of the benchmark dye (i.e., η > 10 %) 21-23 13 .
Polypyridyl cyclometallated complexes consist of a central ruthenium (II) with ancillary light harvesting ligand and anchoring groups and one cyclometallated ligand. Figure 1 shows one of the novel cyclometallated Ru (II) bipyridyl complex we developed recently in our laboratory and the principle mode of operation including sensitization and charge-injection from the dye into the conduction band of TO 2 . All four complexes showed bathochromic shift and higher intense MLCT absorption bands in the visible region than that of N719. This can be attributed to the strong electron-donor ability of the ancillary ligands of bi-and terthiophene. In the cyclometallated complexes MH14-15, the light harvesting efficiency was significantly red shifted compared to that of thiocynonated (-NCS) complexes MH12-13. This can be attributed to the fact that the incorporation of cyclometallated ligand (σ-donating ligand) destabilized the metal based HOMO more than that of ligand based LUMO by increasing the electron density on the metal center. As a result, the overall HOMO-LUMO gap decreased considerably, which translated into a significant red shift in the absorption spectra 1 9 , 24-25 . Figure 4 illustrates the changes in energy levels upon introduction of a cyclometallated center. 
Ground and Excited State Potentials Properties
The ionization potential (IP), ground state oxidation potential (GSOP), of MH12-15 anchored to TiO 2 film was measured using a photoemission yield spectrometer (Riken Keiki AC-3E), and the results are summarized in Table 2 ); ESOP singlet = -E HOMO -E 0-0 ; E 0-0 = (S 0 -S 1 ) = the lowest vertical excitation energy = the lowest singlet-singlet transition; GSOP = ground state oxidation potential= E HOMO ; *E 0-0 =based on the experimental absorption and emission spectra (DMF), calculated from the point of overlap.
♥ IP= Ru 3+/2+ =GSOP= The ionization potential measured using a photoemission yield spectrometer (Riken Keiki AC-3E); Exited-state oxidation potential, E* (Ru 
Photovoltaic Device Characterization
The photovoltaic performance of complexes MH12-14 against N719 on nanocrystalline TiO 2 electrode was studied under standard AM 1.5 irradiation (100 mW cm -2 ). The incident-photonto-current efficiency conversion (IPCE) spectra are plotted as a function of wavelength shown in Table 3 and Figure 8 . 
Excited and Ground States Dynamics
In order to scrutinize the dynamics of dye regeneration of MH12-15 by the electrolyte, we performed nanosecond time-resolved laser experiments of the TiO 2 /dye/-electrolyte interface.
Transient absorbance measurements shown in Figure 9 monitor directly the time needed for different oxidized dyes to regenerate the neutral dye by a reduction process from LiI/I 2 redox species present in electrolyte, and this experiment was performed in comparison with N719 dye regeneration time under the same experimental conditions. Complexes MH12 and MH13
showed comparable lifetime decay for dye regeneration of 6 µs and 4 µs, respectively, compared to N719 (2.3 µs) [32] . This could be one of the mains reasons why MH12 and MH13 achieved significantly higher photocurrent. Under the same experimental device conditions, MH14 and MH15 showed slower dye regeneration decay lifetimes of 13 µs and 18 µs, respectively, which explain the inferior photocurrent performance of these dyes. Based on results presented in Figure 6 , compared to the energy values of the GSOP of MH12 and MH13 with respect to the redox potential of the electrolyte, complexes MH14 and MH15 exhibited much less thermodynamic driving force for electron replenishment to generate the neutral dye. Hence, it can be confirmed that the low driving force for MH14 and MH15 is most likely the main reason for the inferior short-circuit photocurrent density observed. 
Conclusions
The incorporation of cyclometallated ligand in Ru (II) polypyridyl moiety (MH14-15) produced considerable red-shift of 24nm and 28nm in the low energy MLCT compared to those of noncyclometallated analogues MH12-13, respectively. Despite impressive molar extinction coefficient and red shift in MH14-15, they exhibited inferior photovoltaic performance because the thermodynamic drive forces of dye regeneration MH14-15 were less than 0.25eV, which demonstrates clearly that the driving force of dye regeneration must be at least 0.25eV.
Furthermore, it was demonstrated, using nanosecond transient absorbance measurements, that the time needed for the oxidized forms of MH12-MH15 to regenerate the neutral dye by gaining an electron from the electrolyte is 6 µs, 4 µs, 13 µs and 18 µs, respectively, compared to N719 (2.3 µs). These data confirmed that the weak thermodynamic force, small negative free energy (-∆G), for neutral dye regeneration of MH14-15 makes the dye regeneration process kinetically sluggish, which contributed significantly to the loss of photocurrent and photovoltage. Among MH12-15, it was also shown that MH13 achieved the best photovoltaic performance, and it outperformed N719 by 58% in molar absorptivity, 17% in photocurrent, and 6% in total conversion efficiency under the same experimental device conditions. Therefore, fine tuning of the HOMO of MH14-15 coupled with their inherent superior light harvesting capabilities could lead to a novel generation of superior panchromatic sensitizers that may exceed 12% total conversion efficiency.
